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Previewsbind and stabilize the A-strand epitope as
it becomes accessible on the surface of
a ‘‘breathing’’ virion. In agreement, a re-
cent study suggested that time- and
temperature-dependent effects on anti-
body-mediated neutralization may be a
common feature of anti-flavivirus anti-
bodies (Dowd et al., 2011). The contribu-
tion of structural dynamics on the sero-
type-dependent interactions between
4E11 and DENV remains unexplored.
Virion breathing may have significant
consequences not only for antibody re-
cognition, but also for receptor binding
and virion disassembly. As Cockburn
and colleagues (2012) speculate, if the
four DENV serotypes bind to the same
receptor, they have already identified a
potential common binding site on the
E protein for such a receptor interaction.
Under physiological conditions, the site
would be transiently accessible and could
be captured by a cellular receptor. The
proximity of this site on the A-strand of
DIII to the fusion loop suggests that this202 Structure 20, February 8, 2012 ª2012 Elshydrophobic sequence may become ex-
posed at the cell surface, analogous to
what has been proposed for alphaviruses
(Meyer and Johnston, 1993). This capture
event by a cellular receptor might irrevers-
ibly bind the virus to the cell and promote
the subsequent fusion and disassembly of
the virion. Taken together, these and pre-
vious studies suggest that understanding
the molecular mechanisms of antibody-
virus binding may provide much broader
biological insights than simply antibody-
mediated neutralization.REFERENCES
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In this issue of Structure, Choi et al. use hydrogen/deuterium exchange mass spectrometry to characterize
a Notch transcription complex (NTC). When interpreted in the context of NTC X-ray structures, their findings
reveal important molecular insights into the dynamics that underlie complex assembly.Proteins are dynamic—during their life-
times, they fold, unfold, and refold; some
secondary structural elements are flexible
and unravel, while others remain more
rigid, and hydrogen bonds are formed
and broken during these frenetic pro-
cesses. Moreover, the dynamic nature
of proteins is often important for un-
derstanding function, including enzyme
catalysis, disorder-to-order transitions,
and assembly of multimeric protein com-
plexes. Although X-ray structures un-
questionably provide a wealth of high-
resolution structural information about
proteins, typically these data providea static view of the structure and pro-
vide little to no insight into protein dyn-
amics. However, when crystallographic
data is combined with other biophysical
methods that probe protein dynamics,
such as hydrogen/deuterium exchange
mass spectrometry (HX-MS), this often
leads to significant molecular insights
that either technique alone would unlikely
glean.
Hydrogen/deuterium exchange meth-
ods provide information on the backbone
amide hydrogen atoms in the protein and
whether these hydrogens can exchange
with deuterium in the D2O containingsolvent during the time course of the ex-
periment (Englander and Mayne, 1992).
If the backbone amide hydrogen is en-
gaged in a hydrogen bond, e.g., in the
secondary structural elements a helix
or b sheet, then it is protected from ex-
change. Thus, hydrogens both on the
protein surface and buried within the
protein interior can experience protection
from exchange. However, if the hydrogen
bond is broken during the time course of
the experiment, due to local or global
perturbations in protein structure, and
the backbone amide is exposed to sol-
vent, then the hydrogen will undergo
Structure
Previewsexchange. When combined with acidic
proteolysis of the protein and mass spec-
trometry analysis of the resulting pep-
tides, HX-MS monitors the deuterium
uptake by certain regions of the protein
as a function of time, which provides
molecular insights into the dynamics of
the protein.
In this issue of Structure, Choi et al.
(2012) use HX-MS to analyze the protein
dynamics of the ternary complex com-
posed of the DNA binding transcription
factor CSL, the intracellular domain of
the receptor Notch, and the transcrip-
tional coactivator Mastermind (MAML).
Notch signaling is a highly conserved
cell-to-cell signaling mechanism that has
essential roles in embryonic development
and the maintenance of postnatal tis-
sues (Artavanis-Tsakonas et al., 1999).
Aberrant Notch signaling underlies the
pathogenesis of many human diseases,
including certain congenital disorders,
cardiovascular disease, and cancer. Im-
portantly, there has been considerable
effort in developing reagents that modu-
late Notch signaling for therapeutic pur-
poses, emphasizing the biomedical rele-
vance of these studies. Notch signaling
is activated when a DSL ligand on one
cell interacts with a Notch receptor on
a neighboring cell (Kopan and Ilagan,
2009). This interaction induces proteolytic
cleavage of Notch, resulting in release
of its intracellular domain (NICD) from
the cell membrane. Subsequently, NICD
translocates to the nucleus where it forms
a transcriptionally active complex with
CSL and MAML. The CSL-NICD-MAML
ternary complex binds at the promoter
and enhancer regions of Notch target
genes, resulting in the upregulation of
transcription from these sites. Some
Notch target genes, e.g., the HES-1 pro-
moter element in mammals, have paired
CSL binding sites in a specific head-to-
head arrangement, which allows for the
cooperative assembly of two CSL-NICD-
MAML ternary complexes bound at these
sites (Arnett et al., 2010).
Prior to their HX-MS data published
here, the Blacklow laboratory (Kovall and
Blacklow, 2010) and others have solved
X-ray structures of CSL and CSL-NICD-
MAML transcription complexes bound to
DNA and quantitatively determined the
pairwise affinities of the interacting com-
ponents. Briefly, these previous studies
showed that CSL consists of three do-mains: a rel-homology N-terminal domain
(NTD), a beta-trefoil domain (BTD), and a
rel-homology C-terminal domain (CTD).
The NTD and BTD function to specifically
bind DNA. In the context of the CSL-
NICD-MAML ternary complex, the RAM
domain of NICD forms a high affinity inter-
action with the BTD of CSL. This interac-
tion tethers the ANK (seven iterative an-
kyrin repeats) domain of NICD in close
proximity to CSL in order to facilitate the
formation of a tripartite complex contain-
ing ANK, the CTD of CSL, and MAML.
This tethering of ANK to CSL is critical
to assembly of the ternary complex,
because the individual affinities of ANK
and MAML for CSL are very weak. While
the results published by Choi et al.
(2012) benefited from these previous
studies, certainly the authors’ work does
provide important protein dynamics data
for this system that has been noticeably
absent in the field.
The authors used a straightforward, but
elegant, experimental strategy to charac-
terize the dynamics that underlie forma-
tion of theCSL-NICD-MAML ternary com-
plex. First, HX-MS was used to analyze
deuterium uptake as a function of time
for the individual protein components.
These experiments, in their own right,
provided dynamics information for the
individual proteins but were also used
as references states for subsequent
experiments, which monitored the
changes in hydrogen/deuterium ex-
change when the proteins formed CSL-
NICD and CSL-NICD-MAML complexes.
What did these studies reveal about the
proteins CSL, NICD, and MAML, and the
transcription complex they form? First,
these studies provided molecular insights
into the dynamics of the individual pro-
teins in isolation. These data are im-
portant because, with the exception of
several Notch ankyrin repeat structures,
there is little structural information for the
individual components without a protein
or DNA binding partner (Kovall and Black-
low, 2010). For CSL, the authors showed
that, in isolation, all three domains of
CSL experience some degree of protec-
tion with the BTD displaying the most
protection. This is an interesting obser-
vation, because in X-ray structures of
CSL-DNA complexes, temperature factor
analysis of the individual domains of CSL
would suggest that the BTD is the most
dynamic in CSL (Kovall and Blacklow,Structure 20, February 8, 20122010). This may be due to DNA binding,
which was not included in the authors’
HX-MS studies, or may also be attributed
to crystal lattice artifacts that stabilized
some domains of CSL, but not others.
As expected from previous studies,
which suggest that the RAM domain
of NICD is intrinsically disordered and
MAML displays only minor helicity in solu-
tion (Kovall and Blacklow, 2010), RAM
and MAML undergo complete exchange
by the first time point of the experiment
(10 s). Of particular note are the different
patterns of protection observed for the
seven ankyrin repeats that compose the
ANK domain of NICD. In isolation, repeats
one and seven exchange immediately,
repeats two and three experience a
modest level of protection, and repeats
four through six are significantly more
protected than the other repeats.
Interestingly, theHX-resistant ANKcore
(repeats 4–6) identified here by Choi et al.
(2012) only partially overlaps with that
identified for the kinetic results of the
Drosophila Notch ANK domain (repeats
3–5) (Bradley and Barrick, 2006).
Sequence differences aside, this re-
sult highlights the differences between
whole-scale folding studies and studies
measuring equilibrium fluctuation from
the native state. In the former, structure
need only be partly formed in a limited
region (nucleus) that is sufficient to rapidly
coalesce the remainder of the structure.
In studies of fluctuations from the native
state, long-range coupling interactions
(which have been shown to be particularly
strong in ankyrin repeat proteins) can act
over a distance so that local stabilities
can be modulated by remote sites. It is
comparisons like these that are likely to
drive significant biological insight into
how local and long-range stability modu-
lates function.
What then happens to the exchange
patterns in the context of CSL-NICD and
CSL-NICD-MAML complexes? For CSL,
increases in protection are observed in
the BTD of CSL when complexed with
the RAMANK domains of NICD, as ex-
pected for the high affinity BTD-RAM
interaction, but no changes are observed
for the NTD and CTD (Kovall and Black-
low, 2010). These HX-MS data are consis-
tent with previous studies that suggest, in
the absence of MAML, ANK has little to no
affinity at all for CSL. When MAML is
included in the CSL-NICD complex, theª2012 Elsevier Ltd All rights reserved 203
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protection due to interactions it forms
with ANK and MAML. For MAML, a
dramatic increase in protection is ob-
served when complexed with CSL and
NICD; however, the degree of protec-
tion is not uniform over the entire
MAML sequence—the middle portion of
MAML experiences the most protection,
whereas the N- and C-terminal ends of
MAML display less protection, despite
forming interactions with CSL and ANK
in the ternary complex structure.
Perhaps the most striking observation
made by the authors in this study is the
change in protection patterns for the dif-
ferent repeats in the ANK domain when
complexed with both CSL and MAML.
The HX-resistant ANK core (repeats 4–6)
displays only a modest level of increased
protection; repeats one and seven experi-
ence minor and no additional levels of
protection, respectively, but repeats 2–3
undergo a dramatic increase in protection
when in complex with CSL and MAM,
which, as the authors point out, suggest
that the folded conformation of repeats
2–3 are stabilized in the context of the204 Structure 20, February 8, 2012 ª2012 ElsCSL-NICD-MAM ternary complex. Taken
together, these data nicely complement
existing studies and expand our un-
derstanding of how Notch transcription
complexes assemble in order to upregu-
late gene expression.
In closing, it should also be mentioned
that there is an analogous transcription
complex that forms in the NF-kB sig-
naling pathway (Ferreiro and Komives,
2010). In this case, the inhibitor of the
pathway IkBa contains six ankyrin re-
peats, which form a tight complex with
the rel-homology C-terminal domains of
the p50/p65 NF-kB heterodimer, and
are overall comparable to the ANK-CTD
interactions observed in the CSL-NICD-
MAML ternary complex. Similarly, the
different ankyrin repeats of IkBa also
undergo increased protection when com-
plexed with NF-kB; however, the pattern
of protection for the different repeats
is dramatically different for the two
systems. This comparison nicely illus-
trates the striking differences between
two analogous, but different, biological
systems and underscores the need for
these types of studies that scrutinize theevier Ltd All rights reservedmolecular details of multimeric protein
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